Abstract Soil and surface water along roads are exposed to pollution from motorways. The main pollutants are polycyclic aromatic hydrocarbons (PAH), mineral oil, heavy metals and salt. These pollutants originate from vehicles (fuel, wires, leakage), wear and degradation of road surfaces and road furniture (i.e. crash barriers) and the application of de-icing salts. Runoff, vehicle spray and dry deposition disperse these contaminants into the soft shoulder (verges) of the roads and surface water to a measurable distance of about 50 up to more then 150 m from the road. Despite many monitoring programs, little is known about the risks of this diffuse pollution for soil and water quality and the geochemical and physical factors which determine these risks. Also little is known about the effects of possible measures. Therefore, extensive research has been carried out at two local motorways. Specific measurements on runoff, vehicle spray and effects of measures have been carried out for one year (13 months). This resulted in several new insights. The pollutants appear to adsorb effectively to natural soils. In vulnerable areas groundwater can be protected by adjusting the policy to removing the contaminated upper topsoil of the verges. Discharges of runoff into local surface water are not recommended.
Introduction
Road traffic causes diffuse pollution of soil and water along the road. The main sources are traffic emissions (combustion and leakage of fuel and oil, wear of PAH and zinc from tires, metal-corrosion), wear of road furniture (zinc and cadmium emissions from galvanized steel), de-icing salts (NaCl) and accidental spillages (Grontmij and ECN, 2002; DWW, 2003) . These pollutants disperse into the verges (soft shoulder) of the road and nearby surface water by runoff and vehicle spray (see Figure 1 ). Emissions to the air, mainly incompletely burnt gases and dust particles, contribute to the background concentration in the atmosphere and are deposited over large distances from the road.
For heavy metals and PAH the pollution from runoff and vehicle spray can give a significant contribution of the total contamination of soil and water along local motorways. Local authorities are willing to take measures for this problem, but lack information about the problems that this pollution gives to soil-and water quality. Also, the effects of possible measures are unknown. Therefore, extensive research with a focus on risks and measures has been carried out at two local motorways in the Netherlands with intensive traffic (Grontmij and ECN, 2003) .
In this article, we consider the environment at risk when concentrations in soil or water exceed the Dutch standards. The main questions are: what are the environmental risks caused by pollution coming from roads and what can or must be done to protect locations with vulnerable groundwater and surface water against this pollution? The results are presented and the above questions answered. The recommendations are not only based on the results of this research, but also on discussions and meetings with Dutch water boards and the Dutch Emission task force.
Methods
After conducting the literature survey (Grontmij and ECN, 2002) , a monitoring system was designed at two sites along two 2-lane local motorways (see Figure 2) . One motorway was situated in a polder (N199) and the other in a forested area (N413). At these monitoring sites, the amount and concentrations of runoff and vehicle spray were measured for 13 months. Additionally, geochemical experiments have been carried out to examine the dispersion of contaminants in the soil. Geochemical modelling was done to identify the main geochemical factors that determine the dispersion in the soil and to extrapolate the measurements to long-term (field) conditions. Together with policy 
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decision makers specific target levels where stated to assess the risks in (solid) soil, groundwater, surface water and sludge. Also, interviews were done with local road-managers to obtain a clear picture of the daily practice of road maintenance.
Field measurements
The runoff was collected in little trenches, each with a length of 5 m. This runoff was discharged into adsorption pits, specially designed for this research. These pits, 4 in total, are fitted with a 0.3 m thick soil-bed. The runoff percolates through this soil into a reservoir. Each month, the amount of runoff was measured and samples were taken from the incoming runoff and water (after soil-passage) in the reservoir. Each adsorption pit was filled with different soils: two local soil types, one sandy soil and one mixture of sand and dry peat.
The adsorption-layer was an isolated small lawn (5 £ 2 m) with a thin (0.3 m) natural topsoil, directly situated along the road. This layer was exposed to the diffuse infiltration of runoff and vehicle spray.
Under the topsoil there are two separated sections with a course sand and drainage pipes in each section. The drainage pipes in the first section discharged the runoff and spray that was infiltrated between 0 and 1 m from the road, the second section 1-2 m from the road.
The vehicle spray was measured in several so-called spiders (Grontmij and ECN, 2003) . These spiders were placed at ground level in sections transverse on the motorway at a distance of 1, 2, 3, 5, 10 and 20 m from the road. They collect the total deposition at that location. The atmospheric background deposition was measured in open rain gauges at each site. Along the N199, measurement were taken at two sections: one section with no "obstacles" between the motorway and the surface water and one section with a hedge in between.
Geochemical experiments
The transport of contaminants into the soil determines the accumulation in the soil, the leaching of contaminants to the groundwater and surface water. Therefore, geochemical experiments and additional modelling have been carried out. The used methods are the same as was used in a previous study for urban runoff rainwater infiltration systems (Schipper et al., 2002) and leaching studies at the Energy Research Centre of the Netherlands (ECN) (Dijkstra et al., 2004 (Dijkstra et al., , 2006a .
At ECN, the leaching processes of heavy metals and PAH (16 EPA) were characterized from four topsoils over a wide range of pH. This characterisation was done using an approach based on batch pH-static leaching experiments in combination with selective chemical extractions and geochemical modelling (Dijkstra et al., 2004 (Dijkstra et al., , 2006a . The "multisurface" geochemical model used incorporates adsorption to dissolved and solid organic matter (NICA-Donnan), iron/aluminum (hydr)oxide and clay. These models were applied without modifications, and only the standard set of binding constants and parameters was used (Dijkstra et al., 2004) . Additionally, three column experiments have been done. These column where filled with natural topsoils. The infiltrating solution was made by collected runoff. To obtain a "worst case' runoff, the solution was spiked with heavy metals (Cu, Zn, Cd and Pb) so that the heavy metal concentrations represent the "upper end" of what can be found in practice. During the column experiments, the effect of salt water intrusion and a high concentration of dissolved organic matter (DOM) were simulated.
Results of field-measurements
The field-measurements resulted in a large dataset with monthly concentrations and volumes of the total precipitation, runoff and vehicle spray (water and suspended solids).
Within this dataset, the total loads on soil and surface water have been calculated. The results from this are summarized below.
Runoff
During the period of measurements (13 months), the amount of rainfall was about 1150 mm. This is above the average rainfall in the Netherlands (850 mm/year). Due to losses of evaporation, about 70% or more of the rain discharged as runoff into the runoffcollectors (see Figure 3 ). It must be considered, that both (2-lane) local motorways are constructed with tight asphalt concrete (DAB). Govermental motorways (4-lane or more) in the Netherlands are increasingly constructed of very open asphalt concrete (ZOAB). In these roads, the evaporation losses are considerably larger. From Figure 3 is it also clear that most of the runoff was infiltrated in the first section (0 -1 m) of the adsorption-layer. The concentrations of the runoff are summarized in Table 1 .
Compared with rain, the runoff has a rather neutral pH, elevated concentration of heavy metals and PAH and high concentrations of suspended solids. In these solids however, the measured concentrations of total and leaching heavy metals and PAH are high. The suspended solids in runoff have a dominant contribution in the total load from runoff (see Figure 4) .
Vehicle spray
Along the N199 the wet vehicle spray was dispersed up to 10 m from the road. The measured amount of wet vehicle spray was about 600 mm in total. Due to an inefficient collection of raindrops in the spiders, the real amount based on water balances was estimated at roughly 1500 mm. The total loads from vehicle spray are shown in Figure 4 . During the measurements, it became clear that vehicle spray causes an elevated deposition load up to 50-150 m from the road. The measured patterns are not "perfectly" decreasing with the distance from the road. The effect of the hedge was negligible. The measured dispersion of the spray along the N413 (in the forested area) was logically much less than along the N199 (open area). For both local motorways, the main loads are caused by the suspended solids in runoff and vehicle spray. The total load of the N413 is lower than that of the N199 because of the limited vehicle spray. The runoff at the N413 is relatively high, because less of the suspended solids are blown away as vehicle spray.
In most related research only the total amount of runoff and spray is considered. This gives little information to estimate the risks for soil and surface water, because there is no information about the locations where the emission is deposited. This location specified emission (load) is shown in Figure 5 . In this figure, the load to the verge (0 -1 m along the road) and the load to local surface water is considered. For comparison the emissions are also shown from governmental motorways (4-lane) and other 2-lane local motorways in the Netherlands (CIW, 2002; Grontmij and ECN, 2002) .
The loads per square metre to surface water beside the road are about one order of magnitude less than the load to the verges. The runoffs from governmental motorways are much larger for zinc, because these motorways have crash-barriers and the two-lane local motorways do not.
Results of geochemical experiments
The results of the batch-and column experiments and subsequent modelling are shown in Figure 6 .
The leached concentrations of nickel as well as other heavy metals are generally much lower than the total concentrations and show a strong pH dependency, resulting in "V-shaped' leaching curves with orders of magnitude changes in concentration. The model predictions of heavy metal leaching are generally adequate. This adequate 
modelling is especially expressed at the moments when salt and DOM is added and the flow-interruption (left at L/S is 23).
Because the geochemical models predict the leaching processes in the soil adequately, it is assumed that they are suited for long-term prediction in the field. In these calculations, as shown in Figure 7 , the leaching process is simulated along a streamline. Over a long period, the accumulation of metals into the verges of the road gives a significant increase of concentrations in the groundwater.
The geochemical experiments and modelling show that the heavy metals and PAH are effectively adsorbed to the upper layer of the soil in the verges of roads. The main factor for adsorption is the presence of solid organic compounds in the soil. A content of few percent quarantines a long-term adsorption. PAH also decays in soils, so the risks for a significant pollution of the groundwater with PAH are very small.
When the DOM-contents in soils are high, for instance due to manure or decay of organic matter, the adsorption decreases significantly. This is in a minor way also the case with high levels of salt (the application of de-icing salts). 
From loads to environmental risks
To calculate risks, the loads must be translated into concentrations in soil and water and these concentrations must be assessed to stated standards for soil, groundwater, surface water and sludge in surface water. The concentrations in these environments have been calculated by quantifying the emission pathways as shown in Figure 8 .
The pathways 1, 2 and 3 have been quantified on the basis of measurements; 5a and 5b from the results of the long-term geochemical modelling. The seepage (pathway 6) and drainage (pathway 7) was roughly estimated on the basis of a hydrological model and measurements of the groundwater quality in the region. The removal by plants (pathway 4) was based on basic literature. The calculations have been carried out within the program "ET-SoWa" (Effects Traffic loads on Soil and Water).
This program calculates with the above pathways the concentrations in soil and water for variable dimensions of the surface water and topsoil at the verges of the road. The program needs the volume and concentrations of runoff, vehicle spray and rain (background deposition) that are deposited on the verge and ditch. 
Risks for topsoils
To determine these risks, two calculations have been carried out: one realistic scenario (average runoff and average field conditions) and one for a worst-case scenario (a thin topsoil, decay PAH T 50% 15 years instead of 7.5, no disposal by mown grass). It was calculated that the Dutch target values are exceeded for copper, lead, zinc and PAH within a period of 20 -50 years. However, the stated standard values for the verges, which are the same as the Dutch standards for the use of agricultural and nature soils, will by far not be exceeded within this time frame.
Risks for groundwater pollution
As shown in Figure 7 , the Dutch target values for groundwater will be exceeded within several decades for copper as well as for zinc and in the longer term for lead. These targets are the Dutch standard values for groundwater in vulnerable areas, such as important recharge areas (i.e. sandy dunes) for regional groundwater recourses. The risks for the use of groundwater for drinking water or terrestrial ecosystems that depend on groundwater are negligible.
Risks for local surface water
The concentrations in local surface water (along the road) are calculated for several dimensions and for several distances from the road. Figure 9 shows the concentrations for a decisive ditch (local surface water).
Vehicle spray (emission pathway 2b in Figure 8 ) appeared to contribute most of the total load. This dominant contribution doesn't change much if the ditch is somewhat closer to the road or further away. As shown in Figure 9 , the concentrations of zinc, copper and PAH-components can exceed the Dutch standard values. Considering solute concentrations, the calculations predict concentrations that do not exceed the Dutch standard values (for solute concentrations). Also for the sediment on the bottom of the ditch, no exceeding standard values are calculated.
These calculations are generally in accordance with measurements in local surface water and shallow groundwater along local motorways.
Measures
Runoff and vehicle spray from local motorways can cause problems (risks) for shallow groundwater and local surface water. But, what can or must be done to protect locations with vulnerable groundwater and surface water against this diffuse pollution? Figure 9 Total concentration local surface water (distance from the road 5 m, width 5 m)
In ditches with no direct loads of runoff, vehicle spray is the most important pathway. The relative small hedge (leeward) between the road and the ditch/course was not effective. It is expected, that certain (high) noise barriers can have a significant reducing effect (DWW, 2003) . However, larger hedges or noise barriers are not likely to be applied along local motorways in practice. This is because of safety reasons, limited space and the (unwanted) disturbance of the natural landscape. Limiting the deposition surface of local waters is also possible, but this is in contradiction to the need for creation of more storage of water (i.e. against flooding). The dispersion of suspended solids to regional surface waters can be prevented by creating little dams into the ditch/local surface water so that the suspended solids, with the high content of contaminants, will settle at the bottom before the barrier.
In some situations, like bridges or sharp turns, runoff is collected and discharged directly into surface water without water treatment. There are instruments in the Netherlands to reduce or prevent these loads, like the Water Acts needed for the discharge of contaminated water. As an alternative, the runoff can be discharged to infiltration areas. In situations with no possibilities to infiltrate the runoff into the soil, it can be discharged to a trench or ditch with a minimum storage of 4 mm, so that most of the suspended solids in the runoff-sludge will sink.
Groundwater
As mentioned, diffuse infiltration of the runoff into the verges of the road is recommended. Natural topsoil generally contains enough solid organic matter to adsorb heavy metals and PAH effectively for a long period of time. The contaminants will accumulate in the upper decimetres of the soil of the verges. It is not useful to add adsorbents like dry peat to the soil. On the (very) long term, the metals will leach to the groundwater. To protect vulnerable groundwater, it is very effective to remove the upper decimetre of the verges. This is already a common procedure, not because of the groundwater protection, but because of safety reasons. The way this is done is shown in Figure 10 .
Road managers decide to remove the upper topsoil of verges when it has grown in height so much, that the diffuse discharge of runoff rainwater is obstructed (causing aqua planing for tires). This is often the case near bends in the road (the inner bend) in flat areas. Since the removed topsoil is contaminated, recycling without isolating measures is not allowed. We recommend setting up a simple register (database) to collect information about the location, amount, quality and frequency of removed verges. In specific vulnerable areas, the policy to remove obstructing verges could be adjusted to the desired groundwater protection. In general, reducing sources is preferable and most effective (i.e. clean fuel, less zinc in tires and so on). This is however not in the control of local authorities. Our recommendations correspond to the Dutch guidelines set up for the treatment of runoff and spray of governmental motorways (4-lane and more). Instead of the considered 2-lane local motorways, the road-surface of motor highways are more and more made of very open asphalt concrete (ZOAB). This asphalt prevents aquaplaning of tires and is much more quiet than the tight asphalt concrete (DAB) of 2-lane local motorways. ZOAB reduces the dispersion of runoff and spray, because much more water evaporates and most of the suspended solids sink to the pores of the open structure of the open asphalt. On a regular basis, these suspended solid are removed from the hard shoulder to prevent slipperiness of the road surface. Unfortunately, very open asphalt cannot be used for 2-lane local motorways, because this type of asphalt wear and tear too fast when used for local motorways (sharper bends, another way of applying brakes). For local motorways, the best solutions would be the development of an open road surface that is suited for local motorways and reduces runoff and spray like very open asphalt concrete.
Conclusions
The main question was: what are the environmental risks of the pollution by runoff and vehicle spray and what can or must be done to protect vulnerable groundwater and water against this pollution? Because of this specific question, the research resulted in several new insights into runoff and vehicle spray. These include: the effect of salt water and DOM on leaching, the distribution of solute on suspended contaminants in runoff, the effect of a small hedge and a forested area on the dispersion of vehicle spray and the expected concentrations in groundwater and local surface water along a motorway. For new research on this topic, we recommend not only to focus on total loads, but to pay attention to the effects on local soil and water quality and possible measurements.
